Growth rates of different clones, all derived from NIH 3T3 mouse fibroblasts, were determined. Four different types of cells were studied: (1) Normal NIH 3T3 fibroblasts; (2) a fast-growing NIH 3T3 clone obtained by repeated passages; (3) transformed clones (obtained by transfecting NIH 3T3 with the oncogene c-Ha-ras); (4) a slow-growing revertant obtained by repeated passages of the transformed line. Growth rates were determined by the following markers of proliferation: thymidine incorporation, protein accumulation and cell number. In parallel experiments growth rates were determined by a new approach based on measuring omithine decarboxylase (ODC) activity. Transformed cells, which were characterized by phase-contrast microscopy and by electron microscopy grew rapidly and showed high ODC activity. Similarly, a high-passage NIH 3T3 variant, which grew rapidly, also possesed high ODC activity. On the other hand, high-passage of a transformed clone revealed phenotypic changes confirmed by electron microscopy. These cells exhibited reduced growth rates and their ODC activities were similar to those of the normal NIH 3T3 cells. A confident correlation was found among each of the three conwmtional parameters of growth and between them and ODC activity. However, in all the cases studied ODC activity appeared early in the cell cycle before the expression of the other markers of proliferation. It has been suggested that ODC is a reliable early marker of cell proliferation and might also serve as an important tool for determining the arrest of growth.
I. Introduction
Finding and characteriz:ing optimal parameters of cell proliferation and arrest have been central objectives of research in cellular physiology. An optimal parameter would enable reliable detection of proliferation and differentiation processes such as tumorogenesis, tissue regeneration, growth induction by hormones and embryogenesis. An optimal parameter would also enable the detection of growth arrest, and would therefore permit the detection of processes such as aging, programmed cell death (apoptosis) and chemosensitivity. Thymidine incorporation, protein accumulation and cell counting are among the commonly used methods for determining growth. In this study we explored the possibility of using ornithine decarboxy-lase (ODC E.C. 4.l. 1.17) as an alternative tool for the assessment of growth.
Ornithine decarboxylase catalyzes the first limiting step of polyamine biosynthesis. The naturally occurring polyamines are biologic polycations which have been implicated in many growth and differentiation processes [1] [2] [3] [4] . Their intracellular levels are elevated during growth processes and lowered when growth is arrested [5] . Thus, polyamines and diamines accumulate in regenerating liver [6] , in embryonic tissues [7] and in tumor cells [8] [9] [10] . ODC regulates the rate limiting step in polyamine biosynthesis, and thus controls their level. Changes in levels and activity of ODC therefore preceded changes in polyamine levels. ODC activity declines in slow-growing systems and rises during rapid proliferation [11] including neoplastic cells [4] . This has been demonstrated in hepatomas [12] and tumors of the gastrointestinal tract [13] . Experiments carried out with tissue cultures also demonstrated an increase in the activation of ODC and thus in polyamines levels in cells transformed by tumor viruses such as SV40 [14] , polyoma [15] , murine sarcoma virus [16] and Rous sarcoma virus [17] or by a single oncogene such as src [18] or c-Ha-ras [19, 20] In the present study we transfected NIH 3T3 cells with c-Ha-ras oncogene and obtained transformed clones with different growth rates. The activity of ornithine decarboxylase was then studied during the growth of the different clones. It will be shown that the activity of ornithine decarboxylase correlated with growth rates as measured by conventional methods such as thymidine incorporation, protein accumulation or cell counting. Changes in ODC activity corresponded well with other growth parameters studied and appeared early in the cellular cell cycle. It thus seems that ODC could be regarded as an early marker of cell proliferation and of tumor growth.
Materials and methods

Cell cultures
NIH 3T3 mouse fibroblasts were transfected with plasmid pj234 [21] containing 6460 base pairs of DNA from human bladder carcinoma T24 cell line, including an activated human ras (c-Ha-ras) gene. Cells were co-transfected with 2,300 bp of neomycin gene (neo), cloned in a pUC18 plasmid. Co-transfection was done at a ratio of 10:1 of c-Ha-ras:neo according to Graham and Van der Eb [22] . Transfected clones were selected by growing the cells in DMEM medium (Beth Haemek, Israel) containing 0.45 % D-glucose, 2% fetal calf serum, 1% L-glutamine, 400 U/ml penicillin and 0.4 mg/ml streptomycin in the presence of 0.8 mg/ml geneticin (GIBCO, Grand Island, NY), to select transfectants. Cells were seeded at a concentration of 106 cells per 100-ram diameter tissue culture dishes in 10 ml medium and grown in a 5% CO? incubator at 95% air at 37 ° C. Detection of (ODC) protein was done in a similar way, yet the first antibody was a polyclonal rabbit anti ODC antibody (kindly given by Dr. H. Kahana, The Weizmann Institute, Israel) diluted 1:300 and the secondary antibody was an alkaline-phosphatase polyclonal goat anti-rabbit (Jackson) diluted 1:10,000. In this case as well, the blot was finally washed for 1 h with TTBS buffer and color developed by the following mixture: 10 ml AP buffer (100 mM Tris [pH 9 .65], 100 mM NaCI, 5 mM MgC12) and the substrates bromochloroindolyl phosphate (BCIP-Sigma) and nitro blue tetrazolium (NBT-Sigma).
Phase microscopy
Cells were scanned by a phase microscope 2 days after seeding at a magnification of × 100 and X 200.
Western blot 2.4. Electron microscopy
Cells were washed twice with cold PBS (phosphatebuffered saline) and added to 1 ml of lysis buffer [25 mM Tris-HC1 (pH 7.4); 20 mM MgC12; 1% Nonidet NP-40 (Sigma), 1 mM phenylmethyl-sulfonyl-fluoride (Sigma), 1 mM dithiothreitol (Sigma) and 1% aprotenin (Sigma)]. After keeping at 4 ° C for 10 rain, cells were broken with a syringe and centrifuged for 15 min at 4 ° C. The supernatant was taken for protein analysis. Proteins were denatured by heating at 100°C for 5 min in sodium dodecyl sulfate (SDS) buffer (2:1) containing 10% SDS, 0.05% bromophenol blue, 1% /3-mercaptoethanol, 3.5 mM NaEDTA, 20% glycerol, 208 mM Tris-HC1 buffer (pH 6.8) and separated by SDS/polyacrylamide gel electrophoresis as described by Laemmli [23] . Thereafter, proteins were blotted onto a nitrocellulose sheet (0.1 /xm) (Schleicher and Schuell, Dassel, Germany) at 400 mA for Cells were scanned by an electron microscope according to the air drying method originally described by Gamliel et al. [24] .
Cell cultures were washed twice with PBS (pH 7.2) and fixed in 2% glutaraldehyde in PBS for 1 h. After several washings in PBS a mixture of 2% tannic acid and 2% guanidine hydrochloride was added to the cells for 1 h. Cells were extensively washed in PBS and subsequently postfixed in 1% osmium tetroxide for 1 h. Dehydration was carried out by a graded series of ethanol followed by a graded series of freon in ethanol. After triple rinsing in 100% freon, cells were vigorously shaken in the air for a few seconds, after which plates were coated with gold by a sputter coater (Poloron ES 100). Specimens were observed by a Philips 505 scanning electron microscope at accelerating voltage of 30 kv. Cells were seeded at a concentration of 1 × 105 per 60-mm diameter tissue c,alture plate and grown as described. Every 24 h, cells were counted by a hemocytometer after trypsinization.
Protein determination
Cells were seeded at a concentration of 3 × 105 per 100-mm diameter tissue culture dish and grown as described. Every 24 h, cells were washed twice with cold PBS, scraped off the plates and suspended in 1 N NaOH. The mixture was incubated at 37 ° C for 48 h and proteins were assayed by a colorimetric method [25] .
Thymidine incorporation
Cells were seeded at a concentration of 3 x 10 3 cells per 35-mm diameter tissue culture well and grown as
Assay of ornithine decarboxylase activity
Cultures were washed twice with 5-ml quantities of PBS. Cells were then scraped off the plates and suspended in 500/xl of ODC buffer [26] containing 50 mM Tris-HC1 buffer (pH 7.2); 0.1 mM EDTA, 50 ~M pyridoxal phosphate and 5 mM dithiothreitol. Cells were lysed by freezing and thawing (4 times). Supernatant fluids, obtained after centrifugation at 10000 × g for 10 min, were used for the assay. The reaction mixture contained: I00 /xl of cell lysate, 10 /xl ornithine (200 /xM), 10 /xl [3H]ornithine (Du-Pont) 1 /zCi, 55 Ci/mmol. The mixture was incubated at 37 ° C for 60 min and material was spotted on P81 phosphocellulose papers (Whatman, Maidstone, UK) and washed with 0.1 M ammonium hydroxide as described [27] . Papers were then dried and their radioactivity was counted. Proteins were assayed by the Bradford method [25] . 
Statistics
Confidence intervals were calculated by t-test. The values indicate that the parameters fall within the limits indicated.
other end, revealed a transformed phenotype, formed typical foci (Fig. 2c) and the growth of those cells was not readily inhibited (Fig. 2d) . Electron micrographs confirmed the notion that transfection of the fibroblasts with ras resulted in a malignant transformation, since a significant change in the shape of the cells was observed (Fig. 3) .
Results
Correlation between carious growth rate parameters
Expression of the c-Ha-ras oncogene
NIH 3T3 fibroblasts were transfected with c-Ha-ras along with the neo gene. Neomycin-resistant clones were isolated and analyzed by a Western blot. It may be seen (Fig. 1) that the transfected oncogene was expressed in the transformed cells. It is evident from Fig. 1 that p21 , the product of c-Ha-ras oncogene, was present in cells from the transformed clones in considerable amounts. Traces of this protein were detected in the non-transformed NIH 3T3 fibroblasts.
Growth rates of the different clones were determined by counting cell number, measuring protein accumulation and by assessing thymidine incorporation at various time intervals. It may be seen (Fig. 4) that the expression of the c-Ha-ras oncogene in the transformed cells led to enhanced growth rates compared to that of NIH 3T3 (cf. Fig.  7c ) as reflected by the three different parameters. These parameters highly correlated with each other as reflected by the confidence values. It should be noticed that the correlation graph involving thymidine incorporation dealt with the proliferative stage of growth only.
Characterization of the clones 3.4. Ornithine decarboxylase expression
The clones were examined microscopically. It may be seen (Fig. 2a) that the non-transfected fibroblasts had a normal, elongated, spindle-like shape. Cells grew evenly on the plate and their growth was eventually controlled by contact inhibition (Fig. 2b) . The transfected clones, on the Enhanced growth rates were accompanied by an accumulation of the product of the ODC gene (53 kDa), as measured by a Western blot (Fig. 5) . It may be seen that ODC was differentialy expressed in low and high-passage cultures of NIH 3T3. The high passage culture (Fig. 5a which grew more rapidly (cf. Fig. 7d ) contained higher levels of ODC protein. It should be noticed that ODC protein level of the transformed clones was significally higher (Fig. 5c-f ) than that detected in the high-passage NIH 3T3 variant (Fig. 5a ). The activity of ODC was assayed in clones at various time intervals. It may be ,;een (Fig. 6 ) that the activity of ornithine decarboxylase in the transformed cells peaked between 48-72 h after seeding and thereafter declined. The peak of cellular protein appeared 24-96 h later (Fig.  6 ). The observation that the peak in ODC activity preceded that of protein content may indicate that ODC could serve as an early marker of cell proliferation. As the medium was not changed, a portion of the cells died and protein contents declined after the peak in growth (Fig. 6a-b) . It is evident from Fig. 6 that the pattern of growth obtained by measuring ODC activity paralleled that obtained by measuring protein accumulation. High and low-passage variants of both NIH 3T3 and ras-transfected I3 clones varied in their growth rates (Fig. 7) . The low-passage 13 clone grew rapidly and the protein content of the culture reached a peak of 800 mg per plate after 120 h. On the other hand, the high-passage variant (Fig. 7b) had a slower growth rate and the maximal protein content was 420 mg per plate. These differences in growth rates were well reflected by differences in ODC activity, which was higher in the fast-growing variant (Fig. 7a,b) . The non-transformed NIH 3T3 cells grew slowly reaching a peak of 70 mg protein per plate after 48 h (Fig. 7c ). Yet, when the clone was subcultured for many passages NIH 3T3 cultures grew much faster, and reached a density of 375 mg protein per plate revealing disappearance of contact inhibition (Fig.  7d) . The high-passage NIH 3T3 cells produced tumors in nude mice (results not shown). They underwent phenotypic changes and resembled transformed cells morphologically (Fig. 8c,d) . Conversely, high passage I3 cells differed from their parent cells and resembled NIH 3T3 low passage fibroblasts (Fig. 8a,c) . In this case as well, ODC activities were significantly higher in the rapidly growing cells (Fig.  7d) and growth rates of the fibroblasts correlated well with the activities of ODC. All these findings strongly suggest that ODC could serve as a marker of proliferation. This assumption was confirmed by the high confidence value obtained when ODC activity was plotted against number of cells determined during the growth of the various clones (Fig. 9) . A similiar correlation between cell number and ODC activity was observed when NIH 3T3 cells were studied (results not shown). Only three points are given in Fig. 9 , as it represents the correlation during the logarithmic growth phase. Protein measurments and cell count do not reflect growth potential as they do not differentiate between viable and non-viable cells. A decline in these parameters is obvious only when cells peel.
Correlation between growth rates and ornithine decarboxylase activity
Discussion
Cell proliferation can be determined by several methods including counting cell number, measuring protein accumulation and determining DNA content (by flow cytometry [28, 29] ) or synthesis (by incorporation of thymidine [30] or bromodeoxyuridine [31] ). None of these methods is ideal. Thus, viability of the cells cannot be monitored by protein or DNA content. Similarly, cell count does not permit the differentiation between proliferating and resting cells. On the other hand, measuring DNA synthesis by thymidine incorporation or the use of flow cytometry could reflect growth rate,;, yet these methods are rather time-consuming and may require sophisticated instrumentation. It appears that additional methods for the assessment of growth and proliferation could be of advantage. An optimal marker should he universal and should appear early in the cell cycle, therefore circumventing the need for plating and detecting cell division. Its level should rise in proliferating systems and decay when growth rates decline. It should be easily monitored and it should reflect rapid changes in cell proliferation. An ideal marker should have a short half-life time thus permitting the assessment of arrest of growth when the marker decays. ODC seems to fulfill the requirements of an optimal marker. This enzyme is universal, it appears during G1 phase of the cell cycle and it has an extremely short half-life (15-20 min). [11] .
In order to establish ODC as a reliable marker of cell proliferation and of tumor growth, its activity was determined in transformed cells derived from the same origin, but exhibiting different growth rates. In the present study we isolated different clones all derived from NIH 3T3 fibroblasts transfected with the oncogene c-Ha-ras. This oncogene plays an important role in neoplasia and can be used in experimental carcinogenesis [32] . The transfection experiments resulted in the expression of the oncogene in the various transfectants (Fig. i) and in phenotypic transformation (Figs. 2 and 3 ) The isolated clones grew at different growth rates (Fig. 4) as reflected by counting cell number and determining protein accumulation and thymidine incorporation. The three different parameters were highly correlated (Fig. 4) . Changes in growth rates were accompanied by differences in ODC protein level (Fig. 5) and activities (Fig. 6) . The rise and fall in ODC activity paralleled that obtained by growth rate parameters and preceded them (Fig. 6) . Cells of one of the rapidly growing (Fig. 7a) transformed clones (I3) revealed decreased growth rate (Fig. 7b) after 3 years of subculturing. This was accompanied by a reduction in ODC activity (Fig. 7b) and by phenotypic changes revealed by electron microscopy (Fig. 8a,b) . It was not surprising to find that the contact-inhibited NIH 3T3 cells had low ODC activity (Fig. 7c) . This activity increased in high-passage cultures when the growth of the cells was no longer inhibited (Fig. 7d) . These changes were accompanied by phenotypic alterations revealed by electron microscopy (Fig. 8c,d) . A high correlation, confirmed by the high confidence values (Fig.  9) , was found when ODC activity was compared to cell number, which is a reliable representative of the three conventional methods shown in Fig. 4 .
These findings thus suggest that ODC could indeed be used as a marker of cell proliferation and of tumor growth. Unlike the other markers of proliferation, ODC is an early marker and appears early in the cell cycle during the G1 phase. This property could be used to study the commitment for growth of primary cultures in which cell division is minimal. Moreover, inhibition of growth could be monitored by determining ODC protein contents or activities. This approach has indeed been used for the in vitro chemosensitivity assay by determininig ODC activity [33] . Yet, measuring ODC activity is quite time-consuming and quite sophisticated for routine use. We therefore simplified the detection of ODC using an immunohistochemical method [34] .
